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Abstract

This paper introduces a novel power generation system using solar energy as a heat source.
The proposed cycle incorporates heat sources from two solar collectors for the effective
utilisation of heat energy. To aid the performance of the proposed system, the turbine flow
rate is increased with the specific heater arrangements. Energy and exergy balances of the
novel system were generated using Python software. The investigation of the present sys-
tem was evaluated with high sink temperature. Turbine inlet concentration, turbine inlet
pressure, HE, outlet temperature from the turbine, condenser concentration of ammonia,
isentropic efficiency of the turbine and pressure ratio are the design variables considered
for the exergy and thermoeconomic investigation. The energy and exergy analyses resulted
in suitable design variables to optimise the performance. The optimum Kalina cycle effi-
ciency, solar plant efficiency, exergy efficiency and network output were determined to be
18.51%, 8.28%, 34.51% and 295.24 kW, respectively. Among the components involved in
the system, the mixers account for the highest exergy destruction followed by the turbine.
The cycle performance can be improved by reducing the exergy destruction rate. The ther-
mal efficiency is maximised by the turbine inlet pressure and temperature. Moreover, a
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1 | INTRODUCTION

The growth in population results in increased energy consump-
tion. Energy demand in the near future is unpredictable with
this high world population. To meet out the energy demand,
a substitute for the conventional energy generation is required.
Hence, more power generation systems that focus on renew-
able energy sources can solve this global challenge. There is a
need for the development of power generation systems utilis-
ing low- to medium-temperature heat soutces, as opposed to
high-temperature sources. Renewable energy sources are con-
sidered the best replacements for fossil fuels in multigeneration
systems [1].

Ghaebi et al. [2-4] claimed the majority of the exergy
destruction rate of the novel cascade Kalina system occuts in
the second heat exchanger, condenser (CND), vapour gen-
erator. Dhahad et al. [5] proposed that the sum unit cost of
the products are influenced by low temperature heat recovery
(LTHS) inlet temperature, absorber temperature, condenser
temperature and LTHS temperature at the heat exchanger

higher relative cost difference has resulted in heat exchanger 5 and pump 2.

outlet. Exergy analysis of a modified Kalina cycle (KC) was
proposed by Mokarram and Mosaffa [6]. In their modified KC,
the throttle valve was replaced with a two-phase expander. The
maximum exergy destruction was recorded in the evaporator at
the optimised conditions. A thermoeconomic investigation of a
combined Brayton—Rankine—Kalina triple power cycle was pet-
formed by Singh and Kaushik [7]. The relative cost difference in
the recuperator and evaporator was highest with the Kalina bot-
toming cycle. An exergoeconomic examination was carried out
using the tool SPECO, which identifies cost efficiency. Ghaebi
et al. [8] proposed a low-temperature KC with liquefied natural
gas as a combined power and cooling cycle. The heat exchanger
and throttling valve have high exergy losses. Also, the first law
efficiency is high at higher ammonia concentration, while the
second law efficiency maximises at lower ammonia concen-
tration. Sun et al. [9] assessed exergetically the performance
of a KCS-11 with an additional superheater in a low-grade
thermal energy conversion system. The system performance
was more concerned with the exergy losses in the turbine and
condenset.
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In a study conducted by Abdolalipouradl et al. [10], an
exergoeconomic analysis of an integrated transcritical CO2
and KCS-11 cycle was conducted using two wellheads, which
resulted in high performance in energy and exergy perspectives.
Mehrpooya and Mousavi [11] presented an advanced exergy
and exergoeconomic investigation on a solar-driven KC using
the Aspen Plus simulation tool. The exergy destruction of
the heater was high. The highest and lowest exergy destruc-
tion cost rate determined from the advanced exergy analysis
occurred at the absorber and pump, respectively. Shokati et al.
[12-14] examined the absorption refrigeration/Kalina cogen-
eration cycle. It was observed that the boiler and low-pressute
absorber resulted in high exergy destruction and capital invest-
ment cost rates. The shortest payback period occurred with the
Simple Absorption Refrigeration/KC. Fiaschi et al. [15] com-
pated the organic Rankine cycle (ORC) with various working
fluids and the KC, both thermodynamically and exergoeco-
nomically at medium- and low-temperature applications. The
ORC using R1233zd€ claimed superior exergoeconomic per-
formance at medium-temperature applications, whereas the KC
proved the best performance at low-temperature applications.
A comparison of two KCs, Kalina cooling-power cycle (KPCC)
and Kalina LiBr-H2O absorption chiller cycle (KLLACC), was
made by Rashidi and Yoo [16]. The total exergy destruction of
KLACC was larger than KPCC, as the condenser and second
flash tank preheater resulted in major losses. Mahmoudi et al.
[17] combined a KC with a gas turbine modular helium reac-
tor and concluded that the helium mass flow rate was reduced
with the combined system favouring a size reduction of the sys-
tem. As per the literature and by examination of other literature
reviews, few exergoeconomic analyses of power generation sys-
tems suitable for medium-temperature applications have been
conducted. In this work, a novel Kalina power generation cycle
suitable for generating power from solar energy is presented
and examined at high sink temperature. The main goals of the
present study are listed below:

1. Investigation of a novel ammonia-water mixture binary
system trecovering waste heat from medium-temperature
soufces.

2. Parametric investigation of the system using Python code.

bl

Evaluation of the system using second law analysis.

4. Comparison of the overall system performance with the
addition of solar collectors.

5. Investigation of the system for hot sink conditions.

2 | NOVEL KALINA POWER
GENERATION SYSTEM

Figure 1 represents the renewable energy-headed power gen-
eration system driven by heat soutrces suitable for medium-
temperature applications. An ammonia-water mixture is the
working fluid in the cycle. The extension of the Rankine cycle
reveals the basic concept of the KC using a binary component
mixture as the working fluid [18]. The proposed solar collec-
tor heating Kalina system is shown in Figure 1. Along with the

Solar Collecton
ey 23

P:

Solar Collector:
e

FIGURE 1

tcmpcratutc hCﬂt I'CC()VCI'y

Novel Kalina power generation system suitable for medium

conventional Kalina configuration components, additional heat
exchangers for better heat recovery from the two solar collector
heat energy are included in the present system.

In the conventional KC proposed by Ganesh and Srinivas
[19] with a single solar collector, the heat is efficiently recovered
in the heat exchangers. In the system proposed in this study,
the additional solar collector provides more heat recovery in the
heat exchanger HE;. To condense the working fluid at the low
pressure in the condenser, the liquid concentration of ammonia-
water mixture from the separator (state 5) is combined with the
vapour concentration of the mixture (state 4). A portion of the
liquid concentration of the mixtute (state 7) is combined with
the inlet stream (state 19) of the heat exchanger (HE;). With
the two streams mixing, an additional mass flow rate to the tur-
bine is produced with 1 kg/s of flow from the condenser. With
the additional solar collector, the system results in higher energy
and exergy performance on a cost basis. The entire system uses a
mixture as working fluid rather than a single component; hence,
the irreversibility in the boiling and condensing units are min-
imised, compared to the conventional Rankine cycle. The tem-
perature difference between the hot source and working fluid
is reduced owing to the non-isothermal nature of the zeotropic
mixture.
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The molecular weight of ammonia and water are nearly equal,
leading to the use of the turbine of the Rankine system in the
proposed system. The system uses two pumps to circulate the
condensing fluid to the heat exchangers HE, and HE- and to
divert the recirculating ammonia lean liquid mixture to the heat
exchanger HE;. As an alternative to the solar collectors, the pro-
posed system uses the waste heat from an internal combustion
engine fuelled with a diesel and algae oil blend, resulting in iden-
tical performance. The separator is located below the turbine
favouring a high inlet concentration. The KC is generally suit-
able for low-temperature heat recovery applications and consid-
ered comparable to the ORC. Most power generation cycles ate
proposed for low- and high-temperature heat recovery appli-
cations; hence, in the present work, medium-temperature heat
recovery application was the focus. The advanced medium-
temperature heat recovery applications had better performance
and less expense, compared to low-temperature heat recovery
applications. The liquid and vapour concentration at the sepa-
rator was evaluated using bubble and dew point temperatures
[20]. The thermodynamic properties of the binary mixture at
every state point were evaluated with a mass and energy balance
in the components through Python coding.

3 | FIRST AND SECOND LAW ANALYSIS

3.1 | Assumptions [10, 19]

The following assumptions apply to the present study:

1. The components of the Kalina system operate in steady-

state conditions.

The changes in kinetic and potential energies are negligible.

Pressure drops and pipeline heat losses are negligible.

The pumps and turbine operate isentropically.

The mechanical efficiencies of the turbine and pump are

96%.

6. The pressute and temperature at atmospheric conditions
are 1.013 bar and 25°C, respectively.

7. In supetheater HE;3, 25°C is the terminal temperature dif-

RANEEE N

ference.
8. At the condenset, there is a 5°C pinch point temperature
difference.
9. An isenthalpic process occurs at the throttle valve.
10. The condensate is saturated liquid at the condenser.

3.2 | Firstlaw analysis

Using the first law analysis, the energy performance of the novel
Kalina system was assessed.

The KC efficiency of the system was derived as the output to
input [18].

Nkc

_ 7 (by = hn) = [na (bt = hio) + s (hop = 7)) % 100
7y (by = hst) + 71 (ba1 = hoo) + 7oy (hag — big) + sn4(bis — his)

M

The parabolic trough collector design features are outlined in
the literature [21].
Solar plant efficiency

w,
2 %100 @

DA = 5 2
“ ]gg XAf,tof

A, ¢ 1s the total area of collection.

3.3 | Exergy analysis
Exergy is the maximum theoretical useful work obtained upon
interacting with the system to equilibrium. At equilibrium, the
maximum useful output attained theoretically by a system is
determined in exergy analysis [2]. In thermal systems, the spe-
cific exergy of the components is evaluated with the summation
of physical and chemical components.

Physical and chemical exergy rates for each state points of the
cycle is given by [10, 1]:

By = v (h—=h) = T (s = 5) 3)

0 0
i X b NIHs, + X 1,0 (1= @
Xypi = m x - x
v My, Mi,0

where M is the molecular weight of the individual compo-

nents (Myyy3 = 17, My = 18), Ex;, ; is physical exergy, £,
is chemical exergy and O refers to the atmospheric condition
[1].

The total exergy for the individual components is defined in
Equation (5).

Exlom/,i = Epr,i + EX[//,Z' (5)

The useful concepts introduced in exergy analysis are fuel
and product. The desired results produced are the product and
the spent resoutces to produce the product are the fuel. These
concepts are expressed as exergy destruction rate. The exergy
destruction and the exergetic efficiency for the individual com-
ponents are specified as

Exp,; = Exp,— Exp; ()

The maximum theoretical work required for producing the
ideal work is called fuel exergy [2]. Fuel exergy and product
exergy are essential in evaluating exergoeconomic analysis [22].
The exergetic efficiency is specified in Equation (7):

EXPJ
g = 100 0)

Exp ;

The exergy destruction ratio is as follows in Equation (8):

Ip,;

ID,i ®

" D T



2208 |

GANESH ET AL.

3.4 | Thermoeconomic analysis
Thermoeconomic analysis combines exergy and economic prin-
ciples in evaluating the performance of power generation sys-
tems [1]. Moreover, a cost-effective system can be with the result
of a thermoeconomic evaluation. The cost-based balance and
auxiliary equations are derived in carrying out the thermoeco-
nomic analysis for the components. The summation of the total
fuel cost rate C Fat» tOtal capital investment cost rate Z¢ and the
total operating and maintenance cost rate Z%/ equals the total
product cost rate Cj,,, of the system and is expressed to balance
the cost in a system [23].

- SCl . OM
Crm 2w T2 )

Chor = “ tot “ tot

The total cost rate of the /th component is the summation of
the capital investment cost rate (Z¢/) and operating and mainte-
nance cost rate (Z).

The cost in exergy is associated with every individual exergy

stream [23]. The exergy transfer rate for the inlet and outlet
streams, work and heat transfer is as follows:

Cz‘n/e/ = fz‘n/e/Ez'ﬂ/ez (11)
Coit = ot B (12)
Coork = oot W (13)
C/ymf = f/;sz/mf (14)

where ¢, ¢, & al.nd ¢, are the average costs per unit of exergy in
dollars per gigajoule ($/GJ).

The total cost of inlet exergy streams with capital and other
costs is equal to the total cost of output exergy streams for a

system associated with heat work transfers [23].

Chml,z' + Z Gﬂ/ﬁl,i + Z, = Z axil,i + C;;/rork,i (15)

inlet exit

The cost rate in Equations (11) to (14) are substituted into
Equation (15) as

[/Jeﬂ/,l'E/yeﬂ/,i + Z ([iﬂ/elEfillel)Z‘ + Z, = Z ([exitEexﬁ)Z' + [”,W,é’j%

inlet exit
(16)
The exergy destruction cost of the individual components of
the novel cycle is presented in Equations (17) and (18) as below

[2]:

@'
S
|

= [P,z'EXD,z'(ifEXF,i = constant) a7

Ck)i = [[“',I'EX[),!' (ifEXP’Z' = constant) (1 8)

where ¢z; and ¢p; represent the unit cost (specific) of fuel and
product, respectively, of /th component.

Fuel exergy and product exergy of the novel cycle compo-
nents are presented in Equations (19) to (30):

E XFHE = (E XHE inlet — E XHE soutlet ) Jotstream 19)

E XF Condenser — (E XCondenser,intet E XCondenser outlet ) ot stream (20)
E XF Tirbine = (E XTirbine,inlet ™ E X Tirbineontlet ) (21)
EXF,Separator = EXSepamtor,inlet (22)

EXF,Mixingchambcr = EXmixingchambcr,inletl + EXmixingchnmbcr,inletZ

(23)

E XF Pump = Specific pump work (24)

Exp e = (Expi e = Expizinie) g 25)
E'XP,Cbmz’myer = (E'XCbﬂdemer,om/e/ - E'XCbndemer,m/ez‘) cold stream (26)
E Xp, Turbine = Specific Turbine work 27)

E XP,Separator = E XSeparator liguid + E XSeparator,vaponr (28)

Exp ptisingohamber = EXisingehambr,ontlt 29)

B XP,Pump = (E Xpumpyontler Ex pump,inlet ) 30)

The maximum theoretical work resulted in a system to pro-
duce ideal work is obtained by evaluating the exergy destruction

2]

o

= —— (31)
Exp,;
o

by = (32)
Exy

C p; and C 7;; are the exergy costs of product and fuel.
The conversion of capital investment into cost rate is pro-
vided in the following equation:

$, X365x24

Z. = CRF X
! N

(33)
where Z; is the cost rate of each component, g; is the purchased
equipment cost of the 7th component, NV is the annual amount
of time in operation (7000 h), @, = 1.06 [2], and CRF is the
capital recovery factor,

£+ &)

RETREE Y



GANESH ET AL.

2209

TABLE 1 Individual components investment cost [3, 7]
Component Investment cost rate (3) Constants
Heat exchangers = ZR(;%)O‘(’ Reference cost (Z), 16,000 $A4, 100 m?Overall heat transfer coefficient, U), 0.9 kW/m? K
(HE;, HE,, HE,, 8
HEs, HE4, HE7)
Vapour generator, HE; HEy = ZR(Ai)M’ Reference cost (Zg), 17,500 $4,, 100 m>Overall heat transfer coefficient, (U), 1.6 kW /m? K
R

A
Condenser (CND) WND = ZR(]—)O'G
AR
Turbine ey = 4405 X W7, -
Wp,, » =i pump .
Pump eump = 21?,[94”/]7( )" e )ﬂ/, ZR,I)W//P,

W2 punp Nis, pump

Reference cost (Z), 8000 $.4,, 100 m?Overall heat transfer coefficient, (U), 1.1 kW/m? K

2100 $Wg p,,,5, 10 kWmy, = 0.26n, = 0.5

The relative cost difference 7, of the system zth component is
as below:

= o
p=—— (35)
CFi

where the interest rate & = 0.15 [1], and the total operating
petiod of the cycle # = 20 years [1].

The relative cost difference is a variable to assess and opti-
mise the system component [38].

The exergoeconomic factor f; identifies the significance of the
component’s performance in the system.

The investment costs of individual components were
assessed in determining the total investments cost of the system
[7]. Table 1 summarises the investment cost of each component
of the proposed system. The investment costs of the separator
and mixing chamber were considered negligible [7].

The areas for the heat exchangers, vapour generator and con-
denser were evaluated utilising the logarithmic mean tempera-
ture difference and overall heat transfer coefficient [7].

Abbreviation: MXT is mixture turbine; SEP is separator.

Table 2 provides the cost-based balance and auxiliary equa-
tions for the entire components of the proposed cycle:

Jfi= % 35)
Z Z + CD,;‘
0 =UALMTD; (36)

3.5 | Validation

Since the proposed system is based on medium-temperature
heat recovery, the results were compared with the literature
[24, 25]. The cycle and exergy efficiencies of the present work
are closely associated with the reported results as presented in

Table 3.

4 | RESULTS AND DISCUSSION

With the previously mentioned assumptions, the proposed
power generation system was simulated with Python coding
on energy and exergy bases [18]. A parametric investigation

TABLE 2

individual components of the novel cycle

Cost-based balance equations and auxiliary equations for

Auxiliary
Components Cost equations equations
HE, Cos+ Clo+Z1 = Coo+ Cog 05 = 626
HE, Cout Cog+Zppn = Coy+ Cos 04 = 05
HE; Cost+ Cy+Zpps = Cit Cy 03 =0
HE, Cot CiytZppy = G+ Gy =20
HEs Co+ Coy+Zpps = Cot Cip g =10y
HE¢ Cos+ Cio+Zpp = Coot Cis 08 = 09
HE; Coo+ Cis+Zppr = Cig+ C 06 = 67
CND Cot CrtZenp = Cro+ Cray G =019
MXT Ci+ 27, = Cot Gy CoTir = G
SEP Cs+Zgpp = Cyt Cs Hn=0
M1 Cot Co+Zyv = Gy -
M2 Cig+ Cir+Zyx = Cig -
M3 Coot Cig+Zyx = Clo -
P1 CioF Copumpt +pmm = Ci Copumpl = Gy
P2 Cot Copumprtpumpr = Ci Copump2 = Cw
TABLE 3  Validation of novel Kalina cycle with References [24, 25]

Present Reference  Reference

Parameter work [24] [25]

Hot source temperature (°C) 190 280 167.9

High pressure (bar) 45 60 7.5
Flow rate at turbine (kg/s) 1.48 1.23 2.83
Cycle efficiency (%o) 18.51 20.9 11.24
Exergy efficiency (%) 34.51 41.9 49.37
Net power (kW) 295.24 495 782

Pinch point temperature 8 20 15

difference at HE5 (°C)

was performed to identify the optimised conditions. Thermoe-
conomic and conventional exergy analyses were conducted to
assess the novel KC.
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Variation of the turbine product cost with turbine inlet

4.1 | Parametric studies

To estimate the effects of certain variables on system per-
formance in the energy and exergy perspectives, a detailed
parametric study was performed. Turbine inlet concentration,
turbine inlet pressure, HE, outlet temperature from the turbine,
condenser concentration of ammonia, isentropic efficiency of
the turbine and pressure ratio were the design variables con-
sidered in the petformance assessment of the proposed cycle.
The effects on turbine product cost are shown in Figure 2
with turbine pressure and turbine inlet concentration. Higher
turbine inlet pressute yields a higher product cost of the tur-
bine. The pressure variations of 30 to 50 bar and turbine inlet
concentration of 0.79 to 0.84 were considered in evaluating the
variations in the turbine cost. The higher turbine concentration
also favours higher turbine cost. A higher turbine product cost
results from a turbine inlet concentration of 0.8 with a value of
$16.2/G]J. At low turbine inlet concentration and pressure, the
turbine product cost is a minimum value of $9/GJ. The turbine
cost rate is directly proportional to the net power generated
in the cycle. The dependent functions of the turbine product
cost are turbine work and the exergy of the turbine product.
The unit cost of power generated in the turbine varies with the
change in turbine inlet concentration, depending on the cost of
power generated in the heaters.

The effect of inlet pressure variation with turbine inlet con-
centration is investigated based on the exergoeconomic factor
as shown in Figure 3. As turbine inlet concentration increases,
the exergoeconcomic factor increases to a maximum value and
then declines. The capital investment cost decreases along with
the total cost of exergy destruction. The HE; results in the low-
est capital investment cost among the cycle components. With
the combined effect of the individual component cost rate and
investment cost rate of components, the exergoeconomic factor
first rises and then declines as the turbine inlet concentration
increases. The maximum exergoeconomic factor occurs with
a high concentration of ammonia in the condenser. The opti-
mum value of the exergoeconomic factor is 66% at turbine inlet
concentration of ammonia of 0.81 and turbine inlet pressure of
45 bar.

Figure 4 presents the effects of the HE, outlet temperature
and condenser concentration of ammonia on turbine product

=

5

&

0.84
bat
5 sures
o et PIF
atiy 078 30 arbine il

FIGURE 3 Variation of exergoeconomic factor with turbine inlet

pressure and turbine inlet concentration
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FIGURE 4 Variation of turbine product cost with HE, outlet
temperature and condenser concentration of ammonia

cost. Turbine product cost decreases with a lower condenser
concentration of ammonia. Turbine product cost maximises at a
higher HE,4 outlet temperatute of 70°C and minimises at a lower
HE, outlet temperature of 78°C. The lowest turbine product
cost is $8/GJ at a condenser concentration of ammonia of 0.94.
A low concentration of ammonia in the condenser surpasses
the specific exergy cost resulting in an increased turbine prod-
uct cost. Reducing the turbine expansion will hinder the per-
formance of the turbine and, hence, increase the turbine outlet
temperature.

Figure 5 presents the effects of the pressure ratio and turbine
inlet temperature on the product cost of the turbine. The total

PR
ff Dol ant)

e

Cp.overall, $/GJ

FIGURE 5
parameter

Contribution of the proposed cycle components in Exp,
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FIGURE 6
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Contribution of the proposed cycle components in Exu i

product cost of the novel cycle maximises at a high-pressure
ratio. Heat exchanger (HEs) yields a high product cost at an
increased pressure ratio followed by the turbine and condenser.
The total product cost is directly proportional to the cost rate at
the inlet and outlet conditions of the component and indirectly
proportional to the exergy of the product. The exergy difference
of HEj5 is low, compared to the other heat exchangers resulting
in high product cost.

The cycle components of exergy destruction is presented in
Figure 6. The cost rate is a function of the unit cost of fuel and
exergy destruction. M, have the maximum £, in the proposed
system. The percentage of £, is evaluated by dividing the indi-
vidual component £, with the total £, of all components.
The high and low exergy destruction rates are dependent on
the (C; i + Z;) parameter. The component CND exhibits low
exergy destruction among the components of the system. The
exergy of fuel and product are nearly equal as they are depen-
dent on the physical and chemical exergy at inlet and outlet
conditions. The physical exergy of the working stream at the
condenser has the smallest difference. The physical exergy of
the cooling water conditions is too low at the specified parame-
ters. Therefore, the condenser has a low exergy destruction rate.
The exergy destruction rates at the inlets of the components
were not the focus for performance improvement. The exergy
destructions at the inlet streams of the mixing chamber are sig-
nificantly less than the outlet stream, which has a high product
and fuel exergy variation with a high exergy destruction rate.

The cost rates Zp,; of the individual components of the pro-
posed thermal systems are shown in Figure 7. The cost rate is
directly proportional to the purchase equipment cost rate of the
component. The turbine, HE, and HE, have the highest val-
ues of Zp, in the proposed system, 84.46%, 4.35% and 3.68%,
respectively. The percentage cost rates for these components are
77.06%, 10.09% and 3.85%, respectively. The percentage of Zp;
is evaluated by dividing the 2, for the individual component
with the total Zp, of all components.

The exergy destruction ratio with variation in isentropic effi-
ciency of the turbine is expressed in Figure 8. High exergy
destruction ratios of 39.03% and 20.77% occur at the turbine
and HE,, respectively. The chemical exergies of the turbine
inlet and outlet are identical as they are functions of flow rate.

S N{EG- 0.68 %
A HE7. 0.82 %

BHE1 mHEZ wHE3 WHE4 ®WHE5S WHE6 WHET mMXT sCND ®P1 ®sP2

FIGURE 7
parameter

Contribution of the proposed cycle components in Zp;

The physical exergies at the inlet and outlet of the turbine are
dependent on enthalpy and temperature. With the physical and
chemical exergy variations in the turbine, the difference in fuel
and product exergy values are higher than other components.
Pump1 and HEj; result in low exergy destruction ratio claiming
0.73% and 1.31%, respectively, at a turbine isentropic efficiency
of 78%. The turbine flow rate, which increased with the pro-
posed design, is considered as a source for improving energy
petformance. The high exergy destruction rate is also a result of
the increased flow rate, but comparing energy and exergy per-
formances, the influence of flow rate results in an energy boost.
The turbine has a lower exergy destruction ratio at a higher
isentropic efficiency, while the other components result in an
adverse effect.

Figure 9 shows the result of turbine inlet concentration from
0.79 to 0.84 and tutbine inlet pressure of 30 to 50 bar on the
(a) KC efficiency, (b) solar plant efficiency and (c) net work out-
put. With higher turbine inlet concentration, the net work out-
put increases with increases in cycle efficiency and solar plant
efficiency. With higher turbine inlet pressure, the turbine expan-
sion pressure and temperature increase. The turbine work also
increases with net work output and turbine inlet pressure. With
an elevation in turbine inlet concentration, the total heat sup-
plied to the system decreases with a reduction in specific work.
The turbine mass flow rate increases. With these reasons, the
KC and plant efficiencies improve. The KC efficiency, solar
plant efficiency and network output maximise at 18.451%, 8.4%
and 295.24 kW, respectively, at 45 bar turbine inlet pressure and
0.81 turbine inlet concentration. The net work will experience
an adverse effect with a larger condenser temperature differ-
ence.

With the change in turbine inlet pressure, the performance
variations in exergy efficiency, exergy destruction on heat
exchanger HE; and total exergy destruction are presented in
Figure 10. With higher turbine inlet pressure, the energy and
exergy properties increase with the first and second law perfor-
mances. Since the low pressure of the cycle is fixed and high
pressure is varied, the higher expansion temperature at the tur-
bine results in more specific work at the turbine. The exergy effi-
ciency is improved with higher pressure but then declines from
the high total heat supply in the heat exchangers. The exergy
rate of the individual component HE; and the total exergy
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The exergy values and cost rate of component state points
at a fixed turbine inlet concentration and isentropic efficiency
are summarised in Table 4. The total exergy is evaluated as the

E ” summation of physical and chemical exergy values of individual
é 250 components. The unknown values of pressure, temperature and
2 . . . .

% 20 concentration of ammonia-water mixture were evaluatefl using
3 energy and exergy balances. The temperatures at the turbine and
150 50 pump exits were derived from the enthalpy and entropy values.

fa The cost rate per unit exergy is necessary for evaluating the fuel

(© and product exergy in assessing the exergy destruction rate of

tiog 0% 300730 g™ the cycle components.

In the conventional exergy analysis, the exergoeconomic
parameters for the proposed system at 0.80 turbine inlet con-
centration and isentropic efficiency of 0.96 are summarised in
Table 5. The components P, and HEs5 have lower operating

FIGURE 9 Variation of (a) Kalina cycle efficiency, (b) solar plant
efficiency and (c) net work output with turbine inlet temperature and turbine
inlet pressure
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TABLE 4  Energy, exergy and exergoeconomic properties of the cycle at 0.80 turbine inlet concentration, isentropic efficiency of the turbine as 0.96

State P (bar) X T (°C) m (kg/s) h (K] /kg) s(kJ/kg K Exergy (Ex), (kW) C ($/hr) c($/G])
1 45 0.8 190 1.48 1825.3 5.05 24,119 2,806,728.03 320.40
2 12.03 0.8 118.4 1.48 1601.1 5.07 23,775 2,766,969.22 315.86
3 12.03 0.8 78 1.48 1024.6 3.55 23,592 2,724,303.35 310.99
4 12.03 0.98 78 0.98 1438.1 4.73 19,143 2,211,207.93 252.42
5 12.03 0.45 78 0.5 114.2 0.96 4442 514,566.51 58.74
6 12.03 0.45 78 0.02 114.2 0.96 166.1 15,957.94 1.82
7 12.03 0.45 78 0.48 114.2 0.96 4275.9 498,608.57 56.92
8 12.03 0.97 71.82 1 1453.1 4.77 19,312 2,101,084 239.85
9 12.03 0.97 74.24 1 1394.6 4.71 19,275 1,920,875.64 219.28
10 12.03 0.97 32 1 129.6 0.53 19,255 1,918,548.24 219.01
11 45 0.97 332 1 136 0.54 19,260 2,242,063.24 255.94
12 45 0.97 36.96 1 154.6 0.6 19,261 2,428,983.97 277.28
13 45 0.97 70.8 1 326.7 1.13 19,277 2,431,151.55 277.53
14 45 0.97 70.8 0.83 326.7 1.13 16,055 2,024,088.86 231.06
15 45 0.97 70.8 0.16 326.7 1.13 32214 353,431.76 40.35
16 45 0.97 108.4 0.16 1355 3.96 3251.9 357,541.28 40.82
17 45 0.97 108.4 0.83 1355 3.96 16,208 2,335,572.80 266.62
18 45 0.97 108.4 1 1355 3.96 19,460 2,139,596.39 244.25
19 45 0.8 108.4 1.48 782 2.58 23,663 2,638,950.43 301.25
20 45 0.8 129.22 1.48 1133.4 3.46 23,794 2,652,934.99 302.85
21 45 0.8 177.81 1.48 1787 4.96 24,100 2,685,082.22 306.52
22 45 0.45 77.8 0.48 114.7 0.95 4277.5 499,354.04 57.00

and maintenance costs. At the proposed parametric conditions,
the exergoeconomic factor f; of the turbine is higher among the

TABLE 5
of proposed cycle 0.80 turbine inlet concentration, isentropic efficiency of
turbine as 0.96

Individual component exergoeconomic factors and cost rates

ComponentEp; (\W)1), 1 (%) Yp1 (%)Z 1 (8/h1)rwy Cp(8/hn)f; (%)

MXT 30.55 75.53 2822  4.20 0.62  0.30 95.34
HE, 11.00 9225 224 0.10 0.99  0.14 57.98
HE, 15.84 95.07  3.60 0.21 0.16  0.002 99.34
HE; 1.92 90.82  1.32  0.06 0.99  0.02 72.6
HE, 30.00 83.60 598 0.55 0.88  0.001 99.7
HE5 0.00 100 7.8 0.04 0.04  0.00 100
HE, 3.73 81.09 274 0.08 0.34  76.72 0.07
HE, 10.76 73.92 227 0.03 0.35  0.108 35.53
CND 7.00 9225 695 0.15 0.59  0.09 59.77
Py 33.10 69.93 136  0.02 099 113 2.58
P, 0.00 99.95  0.00 0.01 021 0.00 100
SEP 7.00 99.97 20.95  0.00 0.0008 0.98 0.00
M, 33.4 99.82  8.65 0.00 0.05  0.001 0.00
M, 74.5 100.00  0.00  0.00 0.23  0.035 0.00
M3 0.00 99.9 791 0.00 0.01  0.01 0.00

other components. The turbine exhibits a low exergetic effi-
ciency among the major components of the system. The rela-
tive cost difference 7; is highest for the components HE5 and
P,. The investment cost functions of the separator and mixing
chamber were not considered.

5 | CONCLUSION

In this work, a novel Kalina power generation system was
assessed for performance improvement in energy and exergy
perspectives. The proposed novel Kalina power generation sys-
tem is an improved design suitable for medium-temperature
heat recovery applications with an additional solar collector.
The design variables that were focused on system performance
are the turbine inlet concentration, turbine inlet pressure, HE,
outlet temperature from the turbine, condenser concentration
of ammonia, isentropic efficiency of the turbine and pressure
ratio. With the optimum design variables, the energy and exergy
performances of the system were evaluated. Increasing the tur-
bine inlet pressure to its optimum value, the cycle performance
improves. The peak cycle performance includes 18.51% of KC
efficiency, 8.28% solar plant efficiency, 34.51% exergy effi-
ciency and 295.24 kW of net work output with the proposed
design variables. A low pressure ratio yields higher energy per-
formance of the novel system. The exergy destruction of the
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major and minor components of the proposed system are at the
turbine and mixing chamber. Opportunities have been identi-
fied for energy improvements and exergy destructions of this
plant operating in a solar energy cascade. The present system
has an increased flow rate at the turbine inlet with the paral-
lel heat exchangers suing the recirculation of a portion of the
lean liquid separated from the separator. With the additional
solar concentrator arrangement, the required energy input to
the system was reduced, which resulted in improved overall
performance.
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NOMENCLATURE

Symbols

mass flow rate, kg/s

specific enthalpy, kg/k]

mass fraction of ammonia, kg/kg mixture
mechanical

heat supplied, kW

irreversibility, kJ.kg K

exergy, k]

mixture turbine

vapour fraction

mixing chamber

exergy destruction ratio, %

annual unit operation hours

Investment cost rate of components (§/hr)

- =
H’EQ%%UQNSN-Z%EﬁémNMEX@&

logarithmic mean temperature difference (K)
investment cost of components ($)
overall heat transfer coefficient (kW/m?°C)
terminal temperature difference
temperature, K
work output, kW
generator
pressure, bar
specific entropy, k] /kg K
ex  specific exergy, k] kg

Ex  exergy rate, KW

HE heat exchanger
SEP  separator

S separator
C' costrate ($/h)
CRF  capital recovery factor
r  relative cost difference (%)

condenser

0 environment condition
R solar radiation, W/m?

Subscripts

KC  Kalina cycle
¢chi chemical, individual
S supply
17 vapour
awin  cooling water inlet
D destruction
P product
CI capital investment
C  specific exergy cost ($/GJ)
O specific heat k] /kg

g global
phi  physical, individual
P pump
/ liquid
ewont  cooling water outlet
F fuel
tot  total
OM operating maintenance
specific work kJ /kg

w
R reference cost

Greek symbols

1 efficiency
¢ maintenance factor
€  exergetic efficiency, %

Superscripts

AV avoidable
EN  endogenous
UN unavoidable
CH chemical
EX  exogenous
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